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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract
The definition of inspection intervals on the basis of fracture mechanics requires beside the knowledge of the load e.g. in 
terms of stress intensity solutions also the knowledge of the material parameters e.g. in terms of crack growth data. For this 
reason, fatigue crack gr wth curves were determined for a ferritic-martensitic pow r plant steel at elevated temperatures. 
Therefore, an experimental setup was developed. The fatigue crack growth tests are performed on C(T)-specimens, which are 
manufactured with varied orientations from a high pressure bypass valve (HP-Bypass) which was exchanged at a revision. 
The isothermal test for determining the threshold values as well as the fatigue crack growth data in the Paris-regime have been 
performed at room temperature and at temperatures between T = 300 °C and T = 600 °C. Beside the temperature, the R-ratio, the 
specimen orientation, the frequency and the normalized K-gradient are varied. The influences of all investigated parameters are 
evaluated and the main factors a e id ntified. For statistical evaluation of the crack growth ata quantil  curves are created from
the crack growth data as a function of the main factors. 
© 2016 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the Scientific Committee of ECF21.
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1. Instruction
Due to the strongly fluctuating energy supply of renewable energies in future entirely new challenges will arise
for conventional pow r plants. This will lead to a much more fl xible operation of conventional power plants, 
because there is currently no storage media, which can absorb completely these variations. This new, enhanced 
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cyclic stress causes that fatigue and fatigue crack growth become much more, and the influence of the creep fatigue 
becomes less important. Therefore, inspection intervals on the basis of fracture mechanical concepts have to be 
defined, so that a save operation of power plants is still ensured. A reliable experimental database describing the 
fatigue crack growth at elevated temperatures thus is a basic requirement, because the temperature has an enormous 
influence on the crack growth rate. 
This has been proven already in many publications (Chen et al. (2000), Mikulová (2005), Ding et al. (2005) and 
Ennis et al. (2002)). However, this research is related to crack growth tests with variable hold times (Mikulová 
(2005), Ding et al. (2005) and Hörnqvist et al. (2011)), or to nickel base alloys from gas turbines with test 
temperatures higher than T = 600 °C (Gustafsson et al. (2011) and Chaboche et al. (2001)). For financial reasons 
many power plant components e.g. steam pipes are still made of ferritic martensitic steels. The relevant temperature 
range in these components is between 300 °C and 600 °C. Fatigue crack growth tests in this temperature range are 
almost not available for power plant steels. In particular, no data base exists for a complete fracture mechanical 
characterization. Only a few results of fatigue crack growth tests of the relevant power plant steels and temperatures 
exist (Mikulová (2005), Chaswal et al. (2005) and Babu et al. (2014)). 
Therefore, crack growth curves and threshold values for fatigue crack growth are determined in the relevant 
temperature range of T = 300 °C - 600 °C as a function of the R-ratio to provide the basis of a damage tolerance 
concept for conventional power plants. Furthermore, it is examined how the specimen orientation, the normalized K-
gradient and the frequency affect the crack growth rate. For the subsequent practical application, it is essential to
describe the crack growth data analytically. For this propose an adaption of the Forman-Mettu-equation (FM-
equation) is examined.
2. Experimental setup and testing procedure
Fig. 1 shows the experimental setup with the components for isothermal experiments on C(T)-specimens. The 
main components are a servo-hydraulic testing machine with water-cooled grips and an induction heating system 
consisting of a generator, an external circuit and an inductor. The temperature is measured with a pyrometer and a 
thermocouple. For the crack length measurement, the pulsed DC potential drop (DCPD) method is used. The current 
supply and the voltage measurement are realized with four welding wires which are spot-welded to the front end of
the C(T)-specimen. For the test procedure the testing machine, the potential drop device and the induction system 
are all controlled by the software FAM/StMControl (Sander et al. (2004)).
Fig. 1. Schematic illustration of the experimental setup
The segmentation of the specimens is schematically shown in Fig. 2a. Only the upper section (frame in Fig. 2a) 
of the high pressure bypass vale (HP-Bypass) is used for the production of the C(T)-specimens, because this area is 
not directly in contact to steam and thus the material in this area is considered to be free of any aging processes and 
without previous damage. Specimens were prepared in L-R, L-C and C-R orientation in order to determine the 
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influence of the crack position. The HP-Bypass is a forged part and is made of the ferritic- martensitic steel 
X20CrMoV12-1. Table 1 shows the mechanical properties of the HP-Bypass material and thus of the specimen 
material for room temperature.
Fig. 2. (a) HP-Bypass and illustration of the specimen removal; (b) Schematic illustration of quantil curves 
Table 1. Mechanical properties for X20CrMoV12-1 at room temperature
Material Yield stress Rp0,2 [N/mm²] Tensile strength Rm [N/mm²] Strain to rupture A5 [%]
X20CrMoV12-1 ≥ 600 800 - 950 ≥ 14
The fatigue crack growth tests were performed in accordance with ASTM E 647-15 (Test Method for 
Measurement of Fatigue Crack Growth Rates 2015). The constant-force-amplitude test procedure is applied for 
crack growth rates above 10-5 mm/cycle. The threshold tests are carried out with the K-decreasing procedure. The 
cyclic SIF is reduced continuously. The R-ratio and the normalized K-gradient C stays constant during the test while 
the cyclic SIF is reduced exponentially. 
The crack growth rates were evaluated in accordance with ASTM E 647-15, using the incremental polynomial 
method. However the threshold values are evaluated corresponding to Döker (2002). In contrast to the ASTM E
647-15, Döker (2002) plots all data points between da/dN = 10-8 mm/cycle and da/dN = 10-6 mm/cycle in a graph 
with linear scales. The threshold value is given by a linear extrapolation to da/dN = 0. Döker (1997, 2002) has 
shown that the “true” threshold value at da/dN = 0 often is lower than at da/dN = 10-7 mm/cycle.
Fig. 2b shows the schematic illustration of the determination of quantil curves. Quantil curves enable the 
statistical residual lifetime calculation (Virkler et al. (1979)). At the presented approach the database is 
logarithmized and divided in approximately twenty equally spaced sections. The number of the sections and the 
number of the data points in the sections have a distinct influence on the quantil curves. Therefore, the section 
intervals can be modified manually if it is necessary. Subsequently, for all sections a normal distribution function is 
applied. The outcome is cyclic SIF values for different exciding probabilities. These cyclic SIF values and the crack 
growth rate at the middle of the section build the new data point of the quantil curves. A spline fit connects the 
single data points. The determined quantil curves provide the basis for a further analytical description of the crack 
growth results. The presented approach enables an absolute flexible adaption of the crack growth data. 
3. Fatigue crack growth results
For all investigated temperatures the crack growth tests have shown that the R-ratio has almost no influence to 
the PARIS-line. In the threshold range higher R-ratios lead to lower threshold values. This expected trend is 
observed for all investigated temperatures. 
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Fig. 3. (a) Mean curves of the crack growth tests for R = 0.1, and (b) for R = 0.5
a) b)
 
 
Fig. 4. (a) Schematic illustration of crack growth regimes according to Petit et al. (1999); (b) Mean curves normalized by the Young’s moduli
Fig. 3 displays mean curves of the crack growth data for R = 0.1 and R = 0.5 for the investigated temperatures.
Both R-ratios show that the crack growth rates in the Paris-area increase for increasing temperatures. For lower 
cyclic SIF values the Paris-line slightly bends to lower crack growth values. This is noticeable especially at 
T = 400 °C and R = 0.1 (Fig. 3a). A further reduction of the cyclic SIF relates to a kink in the Paris-line. This effect 
is much more distinctive at R = 0.1 (Fig. 3a) than at R = 0.5 (Fig. 3b). The slope of the Paris-line is observable lower 
in this area. However, this effect is much more striking at the single crack growth tests than at the mean curves. In 
the threshold region a double “s-shape” occurs for temperatures higher than T = 300 °C. Further it is noticeable that 
the threshold values in Fig. 3a of the elevated temperatures are significantly lower than the threshold value of the 
tests at room temperature. Within the higher temperatures the trend that higher temperatures lead to lower threshold 
values is not existent. This is also visible for the threshold values at R = 0.5 (Fig. 3b). However, the R-ratio 
dependence of the threshold value decreases at the temperatures between T = 300 - 600 °C as compared to the 
threshold values at room temperature significantly.
Petit et al. (1999) divide the fatigue crack growth of long cracks in polycrystalline metallic materials in three 
phases (Fig. 4a). The intrinsic phase occurs under vacuum. Under environmental influence the adsorption assisted 
phase appears. For these two phases is considered by Petit et al. (1999) that the crack growth is proportional to
(ΔKeff/E)4. Below the critical crack growth rate (da/dNcr) of about da/dN = 10-5 mm/cycle hydrogen assisted crack 
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growth occurs as a function of temperature, humidity, pressure and other parameters (Fig. 4a). Hereby the kinking of 
the Paris-line for higher temperatures can be explained.
The mean curves for R = 0.1 (Fig. 3a) are normalized by the temperature dependent Young’s modulus and plotted 
in Fig. 4b. The Young’s moduli are determined from the first hysteresis loop of a constant amplitude test. The 
determined values (Table 2) are in good agreement with the results of EPRI Electric Power Research Institute 
(2006). 
Table 2. Young’s modulus of X20CrMoV12-1 for different temperatures
X20CrMoV12-1 RT T = 300 °C T = 400 °C T = 500 °C T = 600 °C
Young’s modulus [GPa] 212 198 184 180 122
It is noticeable that the crack growth curves are almost coincide (Fig. 4b). This confirms the statement of Petit et 
al. (1999) that the Young’s modulus in the range above the critical crack growth rate has a decisive influence on the 
crack growth rate. This relation between the crack grow rate and the Young’s modulus at the Paris-regime is also 
used in the British Standard (BS 7910) to describe the crack growth.
Photographs by scanning electron microscope (Fig. 5) show that the oxide layer thickness with increasing 
temperature increases significantly. Thus it is assumed that the oxide induced crack closure has a great influence at 
higher temperatures. Especially at low crack growth rates the oxide layer has a great influence because the oxide 
layer can be build up in front of the crack tip. The oxide induced crack closure can explain the bend of the Paris-line 
at the transition between the Paris-area and the plateau-area. Further, the high threshold value at e.g. T = 600 °C can 
be explained with the oxide induced crack closure. In Fig. 4a is shown, that the hydrogen assisted crack growth 
leads to lower threshold values. Therefore, the experiments at T = 600 °C should lead to lower threshold values, 
because it is assumed that hydrogen assisted crack growth occurs. However the oxide induced crack closure leads to 
an increase of the threshold value. 
Fig. 5. Comparison of the oxide layer thickness at T = 300 °C and T = 600 °C (Fischer 2014)
In Fig. 2a it can be seen that the C(T)-specimens have been manufactured in different orientations from the HP-
Bypass. Thus, various crack orientations can be evaluated separately. The comparison of the C-R and L-R
orientation has not shown a systematic difference of the crack growth rate. The L-C orientation is used to investigate 
changes of the crack growth rate along the wall thickness. For this purpose, specimens were manufactured at three 
positions (inside, middle and outside) along the wall thickness. Experiments with L-C samples are carried out at RT 
and at T = 300 °C. For both investigated temperatures, the experiments with the L-C samples lead to almost identical 
data. It can be concluded that the specimen orientation in the studied HP-Bypass does not affect the crack growth 
rate. Thus, it must not be distinguished between the different orientations.
The frequency in the experiments is varied between f = 5 Hz and f = 30 Hz. For T = 300 °C and R = 0.1, no 
significant influence of the crack growth rate is observable. The crack growth data of the experiments at f = 5 Hz are
in the scatter band of the experiments at f = 30 Hz. But, on average the tests at higher frequencies lead to slightly 
lower thresholds values.
T = 300 °C T = 600 °C
Base material
Ni-layer (for identification 
of the oxide layer)
Oxide layer
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In accordance with ASTM E 647-15 (Test Method for Measurement of Fatigue Crack Growth Rates 2015) the 
normalized K-gradient shall be in the range of 0 > C > -0.08 mm-1. However, the experiments with C = -0.08 mm-1
have a high test duration and a large scatter. These negative factors were significantly reduced by increasing the 
normalized K-gradient to C = -0.2 mm-1. In addition the higher normalized K-gradient leads for T = 300 °C and 
R = 0.1 to slightly lower threshold values and therefore to more conservative results. On the Paris-line the 
normalized K-gradient has no influence.
4. Analytical description of the crack growth results
The determination of quantil curves enables the statistical assessment of the residual lifetime. In Fig. 6a quantil 
curves for T = 500 °C and R = 0.1 are presented exemplarily. The figure shows the experimental database and 
quantil curves for probability of survival (PS) of 10 %, 50 % and 90 %. The quantil curves are determined according 
to Fig. 2b and enable the consideration of the scatter at the crack growth tests. The presented procedure represents 
an absolute flexible adaption of the crack growth data. Thus, effects like the different slopes at the Paris-area and the
double “s-shape” at threshold near region can be reproduced.
a) b)
Fig. 6. (a) Quantil curves for T = 500 °C and R = 0,1; (b) Analytical description of the determined threshold values
The adaptation of the data is done by a graphical user interface in Matlab (Lebahn et al. (2013, Peking)). For the 
mathematical description the Forman-Mettu-equation (FM-equation) is used which is given by:
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
= 𝐶𝐶𝐶𝐶FM ��1 − 𝑓𝑓𝑓𝑓1 − 𝑅𝑅𝑅𝑅�∆𝐾𝐾𝐾𝐾�𝑛𝑛𝑛𝑛 �1 − ∆𝐾𝐾𝐾𝐾th∆𝐾𝐾𝐾𝐾 �𝑝𝑝𝑝𝑝
�1 − 𝐾𝐾𝐾𝐾max𝐾𝐾𝐾𝐾c �𝑞𝑞𝑞𝑞  (1) 
where R is the stress ratio, ΔK is the stress intensity factor range, f is the crack opening function, Kc is the critical 
stress intensity factor and CFM, n, p, and q are empirically derived constants. The threshold stress intensity factor
ΔKth in equation (1) is given for long cracks by the following empirical equation ((NASGRO-Fracture Mechanics 
and Fatigue Crack Growth Analysis Software 2010)): 
∆𝐾𝐾𝐾𝐾th = ∆𝐾𝐾𝐾𝐾1 �� 1 − 𝑅𝑅𝑅𝑅1 − 𝑓𝑓𝑓𝑓(𝑅𝑅𝑅𝑅)���1+𝑅𝑅𝑅𝑅∙𝐶𝐶𝐶𝐶th+ � (1 − 𝐴𝐴𝐴𝐴0)(1−𝑅𝑅𝑅𝑅)𝐶𝐶𝐶𝐶th+�  (2) 
T = 500 °C
R = 0.1
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and Fatigue Crack Growth Analysis Software 2010)): 
∆𝐾𝐾𝐾𝐾th = ∆𝐾𝐾𝐾𝐾1 �� 1 − 𝑅𝑅𝑅𝑅1 − 𝑓𝑓𝑓𝑓(𝑅𝑅𝑅𝑅)���1+𝑅𝑅𝑅𝑅∙𝐶𝐶𝐶𝐶th+ � (1 − 𝐴𝐴𝐴𝐴0)(1−𝑅𝑅𝑅𝑅)𝐶𝐶𝐶𝐶th+�  (2) 
T = 500 °C
R = 0.1
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where ΔK1 is the threshold stress intensity factor range for R→1 and 𝐶𝐶𝐶𝐶th+ is an empirical fit constant for positive 
R-ratios. The parameters ΔK1 and 𝐶𝐶𝐶𝐶th+ from the analytical threshold equation and the main influencing parameters n, 
CFM, p and q from the FM-equation are optimized for the individual temperatures. The resulting parameters can be 
described as a function of temperature. Using this functional relationship, the crack growth rate can be described 
analytically as a function of the R-ratio and the temperature. However, initial results show that there is no uniform 
trend for individual parameters. Fig. 6b shows the analytical description (dashed lines Fig. 6b) of the experimentally
evaluated threshold values (circles in Fig. 6b) on the basis of equation (2). Further, a fit by a third order polynomial 
for the individual temperatures is presented (surface in Fig. 6b). It is noticeable that the experimentally evaluated 
threshold values at RT are significantly higher than those at the elevated temperatures. However, for higher R-ratios
the threshold value decreases. This R-influence is significantly lower for the elevated temperatures. Further,
equation (2) leads to implausible values for T = 300 °C because for higher R-ratios than R = 0.5 the function 
produces increasing values. The cause for this is the small R-influence at T = 300 °C. 
5. Conclusion
Due to the flexible energy supply and the subsequently rising number of load cycles for conventional power 
plants, the fatigue crack growth becomes much more important in the future. Therefore, the experimental data base 
must be extended with regards to fracture mechanical parameters for relevant temperatures and relevant power plant 
steels, such as the X20CrMoV12-1. Therefore, crack growth tests were carried out between temperatures 
T = 300 °C-600 °C. Beside the temperature, the R-ratio, the specimen orientation, the frequency and the normalized 
K-gradient were investigated. The temperature and the R-ratio have been identified as the main influencing factors. 
The expected trend that larger R-ratios lead to lower threshold values can be observed. On the Paris-line the R-ratio 
has almost no influence. At the elevated temperatures, a significant reduction of the threshold value between room 
temperature and T = 300 °C occurs. The crack growth tests between T = 300 °C and T = 600 °C lead for the same R-
ratio to almost the same threshold values. At the Paris-area increasing temperatures result in higher crack growth 
rates. Further, a kinking of the Paris-line and a double “s-shape” is visible for temperatures higher than T = 300 °C. 
The other investigated parameters have no or just a minor influence on the crack growth rate. 
For the analytical description of the experimental data quantil curves are determined for the investigated 
temperatures and R-ratios. For the mathematical description the Forman-Mettu-equation is used. The optimizing 
process is made with a modified material adjustment program which is programmed in matlab. The results have 
shown a limited suitability of the FM-equation.
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